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AT SUBSOMC SPEZXIS OF Aw AIRPLANE MDDEL 

By Donald A. Buel l ,  V e r l i n  D. Reed,  and 
Amando E. Lopez 

Measurements  were made i n  a wind tunnel of the  atatic and  dynamic- 
rotary  stability  derivatives of a model having an unawept whg OS low 
aspect ra t io  and a high horizontal tail. The t e s t s  were conducted a t  
Mach numbers from 0.25 t o  0.94 at Reynolds  numbers  of 0.75 t o  8.00 
mlllion. The angle-of-attack range wae -8O t o  24O. 

The components of the model  were tested in various combinations and 
the  contributions of these comgonents t o  the measured aerivatives are 
dtacussed. The stick-ffxed  oscilhtory reaponse of a representative  air- 
plane w8s calculated for fE@t at   a l t i tudes f r o m  se& level  t o  40,000 
feet .  The afrplane was found to have adequate demping o f  the  short- 
period  longitudinal oscillation but inadequate damping of the  lateral- 
directional  oscillation. 

Estimates were W e  of the  rotary  derivatives by semiemirical 
methods. A camparison of the  estimates  with measured values is made on 
the  basis of effects on the  oscillatory response. 

INTRODUCTION 

A program of research on the dynamic stability  derivatives of vari- 
OUB airplane m o d e l s  is being carried  out i n   t he  Ames 12-foot pressure 
wind tunnel. The models are  tested on an apparatus which farces an 
oscillation w-lth a single degree of freedom.  (The apparatus i s  described 
i n  ref. 1.1 The results of tests employing t h i s  equipment with  a 
triangular-wing model are presented i n  reference 2. 

U N CLASSi FI ED 
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The  present  report  contains  the  measured  static 8nd dynamjlc-rotary 

stability derivatives for a model  having ap unswept WFng of low aspect 
ratio  and a high horizontal tail. These measurements were  made to evaluate 
the  separate  effects  of  the  model  components on each  of  the  derivatives 
and  the  relative  importance of each  derivative on the  calculated  oscil- 
latory  response of a representative  airplane. Estimates of the  rotary 
derivatives  were  made  by  some of the simpler  existing  procedures, and 
the  agreement  between  the  theory and experaent is assessed on the  basis 
of  the  airplane-response  calculations. 

The  static-stability  characteristics  of a model  similar to the 
model of this  report  have  been  reported in referenceB 3 and 4 for speeds 
into  the  supersonic  regime.  Another  aimilar  model has been the subject 
of a test  employlng  the  steady-mSling  technique,  and the resulting 
rolling derivatives  are  presented  in  reference 5. 

CL lift  coefficient - lift 
' 
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side-force  coefficient, side  force 

cz rolling-moment coefficient, 
rolling moment 
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( ) referred to body axe8 

The s tab i l i ty  system of axes used for  the  presentation of  the  data, 
together with an indication of the  positive  direction of forces, moments, 
and angles, i s  presented in f".gure 1. The various  stability  derivatives 
are  defined as follows: 

MODEL 

The complete  model consisted of 811 w e p t  wing of  aspect  ratio 2.44, 
a horizontal t a i l  mounted In a high position OR a ver t ical  tall, and a 
body with a circular  cross  section modified  by the  addition of a canopy 
and protuberances  afmulating side  inlets.  Figure 2 i s  a three-view' 
drawing of the model shouing Bome of the important dimensions. A photo- 
graph of the model mounted on the  oscillation  apparatus i n  the wind 
tunnel i s  shorn i n  figure 3.  Additional geometric and dimensional model 
data are given i n  table I. 

Construction  detaile of' the model are of  interest  because of  the 
unique problems presented in  dynamic testing. Although the w e i g h t  of 
the model did not have a direct  bearing on the accurscy of the measured 
aerodynamic data, it w a s  desirable to keep the w e i g h t  as l o w  as  practi- i 

cable because in  this way other design and vibration problems i n  the 
model support and oscillation mechanism  were  minimized. Structural 
rigfdity i n  the model waB also fe l t  t0 be desirable  to minlmize f lu t t e r  
and aeroelastic  distortion; however, no quantitative measurements  were 
made to evaluate  their  paeaible effects. 

" 

The  model was built   of magnesium alloy i n  f ive major parts:  the 
wing, the  vertical  tai l ,  the  horizontal  tail,   the body shell, and the 
cage, which enclosed the  oscillation mechanism o r  the  strain-gage 
balance, and to  which the  other  parts were attached. The wing, vertical  
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nunfber of cycles for the  lateral  
amplitude 

oscillations t o  damp t o  half 

Mach  number 

Reynolds number 

wing area 

t i m e  t o  damp to  half amplitude 

velocity 

equivalent  airspeed,  ft/sec 

Ve fel 
wing span 

wing mean  aerodynamic chord 

angle of horizontal-tail  incidence, deg 

t a i l  length 

rolling velocity 

pitching  velocity 

yawing velocity 

time 

angle of attack,  radians  except where noted 

angle of sideslip,  radians except where noted 

effectlve  angle of downwash a t  the  horizontal  tail, deg 

angle of pitch, deg 

a i r  density 

angle of bank, deg 

angle of yaw,  deg 

circul’ar  frequency of oscillation, radi&ns/sec 
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c ta i l ,   hor izontal   ta i l ,  and the  case were  machined from s o l i d  magnesium 
forgings. In the  fabrication of the body, sections of sof% magnesium 

and attached t o  the case. The bracket8 which fixed  the  horizontal   tai l  
a t  angles of incidence of  4O, Oo, and -4O were  machin& from e1rminm. 
The resulting weLgh-t of the model w a s  approxims%ly 15.7 pounds, of 
which the w i n g  weight was 4.5 pounds, t he   ve r t i ca l   t a i l  1.6 pounds, the 
horizontal t a i l  0.7 pound,. the  bracket 0.2 pound, the bcdy 3.5 pounds, 
8nd the  case 5.2 pounda. Two interchangeable wings w e r e  constructed, 
the  dihedral of one being -loo, as shown in  f igure 2, and the  dihedral 
of the  other  being Oo. The alds o f  ro€ation  in changing dihedral was 
a t  approldmately the  intersection of the wing with the body. 

I sheet were  formed t o  shape in a drop-hammer die,  then  fastened  together 

The static-force and -moment characteristics were  measured with 
a binch-diameter four-component strain-gage balance encloaed within 
the model body. Six-component aata were obtained by rotating the bal- 
ance goo with  respect t o  the model.  The dymulc  etabillty  derfvatives 

degree-of-freedom oscillatory system. The model was mounted on crossed- 

only. Various combinations of rolling, pitching, and yawing motions 
were obtained i n  this system  by variations in the  orientation of  the 
a x i s  of o'scillation. Tbe moments due t o  prescribed combinations of 
these motions were  measured and separated into the various  stability 
derivatives. 

ir were  measured on a special  oscillation  apparatus which is a  single- 

I flexure  reetraining sprfngs which permitted rotat ion about one axis 

It should be noted that  the experimental  technique did not p e m t  
the  separation of the rotary derivatives into a l l   t h e  desired components. 
The pitching and yawing moments caused by the oscil lation of a model in 
straight f l igh t  m y  be thought of  a8 consisting of components caused 
by (I) rotation  (identified by the  subscripta g or  r), which  would 
result  from a curved flight path  with  the  attitude of the model main- 
taining the same relation t o  the flight direction, and (2) acceleration 
(identified  by  the  subscripts b o r  8) , resulting from transverse 
accelerations which bring the model back to  the straight flight path. 
Only the sum of these two components about  each of the  transverse 
s tab i l i ty  axes could be established. 

Oscillations were excited and maintained  about the a x i s  of rotation 
by a push-rod linked to an electromagnetic 6hRker. The shaker was, in  

desired amplitude of oscillation at the  natural frequency of the model 
mounted on the flexure-pivot  support. The necessary  strain-gage measure- 

1 turn, excited by an electronic feedback network wh-lch maintained the 

I mente  were processed  throu# 8n analog computing s y a t e m  which evaluated 
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and recorded the amplitude and phase relationship of esch oscillatory 
quantity. Thls method I s  described in   de t a f l  in reference 1. 

Tea t s  of the model were made a$ Mach  numbers  from 0.e to 0.94 for  
a range of angles of attack from -8 to +24O or, a t  high speeds, from -8O 
t o  the maximum obtainable  without choldng of the wind tunnel o r  errat ic  
oscillation of the model. The Reynolds number was 1.50 million for  
most of the tests, although  dat8 were also obtained a t  Reynolds numbers 
up to  8.00 million for  low speeds and a t  0.75 million  for high speede. 

In the  oscillation  tests,  the frequency of the oscillation ranged 
from 4 to 9 cycles  per second,  depending on the mass and aerodynamic 
restoring moments of the  particular  configuration. The reduced fre- 
quency, wE/2V (a basic parameter i n  comparing the oscillatory character- 
i s t ice  of models having different  scales), ranged fl-om approximately 
0.01 t o  0.10. The amplitude of the oscillation had a peak value of 
approximately f1° for the  pitching tests and +2O for the rolling and 
yawing tests.  Data  were also  taken  for con@aratiYe purgoaee a t  half 
the normal frequency and a t  amplitudes different from those quoted by 
about C5O percent. The reduction i n  frequency was accomplished by the 
use of flexure pivots of reduced stiffness. - 

P 

In  certain tests it was found necessary to increase  the stiffness 
of  the support system by meana o f  guy wires  attached to  the tunnel walls 
a short  dietance behind the model. This was done t o  avoid a resonant 
condltion between the model and its support system which  would invalidate 
measurements obtained by the present test technique. 

CORRECTIONS TO DATA 

The data  presented herein  have been corrected by the method of 
reference 6 fo r  the induced effect of the wlnd-tunnel wKl3.s resultfng 
f r o m  lift on the model. The magnitudea.of the corrections which  were 
added t o  the measured values  are: 

na = 0.13 cL 

The induced effects of  the tunnel walls on the  pitching moment were 
calculate& and found to be negligible. The dynamfc-stabiUty  derivatives 
have not been corrected  for  tunnel-wall  effects resulting from lift on 
the model. 
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Corrections  for  the efects of constriction  due to the  wind-tunnel 
walls  were  calculated by the  method of reference 7 and  applied to the 
d8ta. At 8 Mach n-er of Q.94 this  correction  amounted to an increase 
of Less than 2 percent in the  meaeured  values  of  Mach  number and dynamfc 
pressure. 

The  drag  data  have  been  adjusted to correapond  to a bsae pressure 
equal, to free-stream  static  pressure. !!%e effect of interference 
between  the  model  and  sting on measured static d u e s  of pFtdhing-  and 
yawing-moment  coefficient8  was  assumed to be negligible on the  basis 
of unpublished  measurements of pitching m e n %  of the  triangular-wing 
model  of  reference 2 with two different sting  diameters - the  4-inch 
s t i n g  used for the  static  teste and the 2-1/4-inch sting  used  for  the 
dynamic teats. 

Corrections  to  the  measured values of the danqing coefficients  due 
t o  internal damping of the  model  and  oscillation  mechanism  were  deter- 
mined from  wind-off  measurementa of the dauq?ing with  the tunnel evacu- 
ated.  The  corrections would have changed  the  measured  values of CzP 
and Cnr less than 0.03 (and  values of C ~ Q  + % less  than 0.20) 
and  were  therefore  considered negligible.  

The effects of aerodynamic  resonence  caused by the  wind-tunnel 
walls similar  to  that  discuss& in reference 8 cannot  be determined 
accurately in th is  case.  The  relation used in reference 9 yields 8 
minimum wind-tunnel resonant  frequency of 17 cycles  per  second. This 
frequency w8s for 8 Mach  number  of 0 -95, with  higher  resonant  frequencies 
at  lower  Mach  numbers.  Slnce the mdel oscfllation  frequency  never 
exceeded 9 cycles per second,  it ia doubtful  that  aerodynamic  resonance 
had any  inq?ortant  effect on the  data. 

As a guide to the followLng fiscussion, an index of figures, pre- 
senting  the  measured and estimated  aerodynamic  characteristics  of  the 
model and the  calculated oscillatory reaponse  characteristics of a 
representative  fighter-type  airplane  geometrically simflar to the  model, 
is  glven ia the followtng table: 

Figure 

Basic data for complete  model. . . . . . . . . . . . . . . . .  4,5 
Effects  of R ~ ~ O L I S  n e e  . . . . . . . . . . . . . . . . . .  4,5 
Effects of model  components . . . . . . . . . . . . . . . . .  6 
Ibwnwash  characteristics . . . . . . . . . . . . . . . . . . .  7 
Effects of wing dihedral . . . . . . . . . . . . . . . . . . .  8 

Longitudinal  stability  characteristic8 
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Effects of s idesup angle . . . . . . . . . . . . . . . . . . .  899 
Wfects of  Mach n h e r  . . . . . . . . . . . . . . . . . . . .  10 

Basic data . . . . . . . . . . . . . . . . . . . . . . . . . . .  ll 
EYfecta of Mach nmiber . . . . . . . . . . . . . . . . . . . .  12 

Basic data for coriplete model . . . . . . . . . . . . . . . . .  3-3 

Basic data . . . . . . . . . . . . . . . . . . . . . . . . . .  14 

hngi tudina l  stability derivatives, and C q  + Cm& 

Static  lateral-directional  characteristics 

SidesUp  derivatives, C z P ,  CyB,  C a p  

Effects of Reynolds number . . . . . . . . . . . . . . . . . .  15 
Effects  of wing dihedral . . . . . . . . . . . . . . . . . . .  15 
Effects of model oscillation . . . . . . . . . . . . . . . . .  16 
Effects of Mach  number . . . . . . . . . . . . . . . . . . . .  17 

B 8 s i C  data . . . . . . . . . . . . . . . . . . . . . . . . . .  18,19 Lateral  rotary  derivatives, Czp, cnpJ C z r  - C Z ~ ,  Cnr - 
Effects of‘ Reynolds number . . . . . . . . . . . . . . . . . .  20 
Effects of wlng dihedral . . . . . . . . . . . . . . . . . . .  20 
Effects of Mach  number . . . . . . . . . . . . . . . . . . . .  21 

Longitudinal short-period  oaclllation . . . . . . . . . . . . .  22 
L a t e r a l - d i r e c t i d  short-period  oscillation . . . . . . . . .  23 
Comparison using measured and predicted dynamic derivatives . . 24 

DynamiC-8tabilfty e s t d t e s  (controls-fixed) 

Stability  derivativee for the complete  model referred  to body axes 
(see Appendix for  description of the a x i s  syetem). . . . . . .  25 

The lateral stability  characteristics are presented for  Oo incidence 
of the  horizontal  tail. 

DISCUSSIOM 

The discussion will be concerned with first, the measured aerodynamic 
charscteristics of the model,  second, the  calculated  oscillatory reaponse 
of a representative a l r p h n e ,  and th i rd ,  the esthmtion of the  rotary 
derivatives. The primary purpose of  the  investigation was the measure- 
ment of the  stability  derivatives of & model represent- an airplane 
of modern design. O f  these, the rotary  derivatives are ordinarily the 
ones least  amenable t o  measurement  and, consequently, are the ones con- 
sidered  here i n  most detail.  An examination of the  estimated  values of 
these  derivatives is  postponed un t i l  after a discussion of the oscillatory 
response calculations, because the accuracy desired i n  the  estimation 
of any derivative should be determined only  i n  Ught of i t a  effect on 
the behavior of the airplane. 

The effects of frequency and amplitude of the model oscillation on 
the  data have been considered  although the data  are  not shown. The effects 
of a reduction i n  frequency of 50 percent were i n  most cases indistin- 
@&able from experimental scatter. Hmever, the frequency effects were 

-t - 
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not checked a t  high Mach m b e r a  i n  the  case of lateral   oscil lations.  
A change in oscillation amplitude of 50 percent had on ly  minor effects 
on the measured derivatives. 

The Measured Static  Tsngitudbal  Characteristics 

Static stability.- Figure 4 showa tha t ,   a t  Mach  numbers of 0.9 
and less, a reduction in Liftrcurve  slope  occurred  as the angle of 

9 

attack was increased beyond 8u to LOo, fo3lowed by a large  positive 
increase in the  slope of the pitching-moment curves a t  somewhat higher 
angles of attack. This Loss of s tab i l i ty  continued t o .  an angle of 
attack of a t   l e a s t  do and was of such a magnitude &a t o  make the model 
unstable beyond 14O. These Longitudinal characteristfcs euggest a 
severe pitch-Up problem at  high angles of attack  for a large range of 
center-of-gravity  poaitiom. The data f o r  a Mach number of 0.94 also 
showed a  decrease s tab i l i ty  a t  high angles of attack  but w e r e  too 
limited i n  this range t o  define the pitching-moment curve properly. 

Effect of model  components. - It may be seen from the  pitching- 
moment curves of figure 6 that  the loss of s t a b i l i t y   a t  high angles 
of attack was caused  by the  forces on the  horizontal tall. The o r i g i n  
of the  destabilizing  variation of  t a i l  load may be traced,  in  turn, t o  
wake and downwash effects. Evidence of the movement of the t a i l  i n t o  
the vtng and body wakes la the Loss of &&it, shown by the  gradual 
convergence of the pitchLng-moment curve8 f o r  d i f f e ren t   t a i l  incidences 
as  the  angle of  attack was increased (fig. 4). The more powerful down- 
wash effects  are shown i n  figure 7 in   the  farm I - (a€/&), whfch 
representa  the  rate of change of t h e   t a i l  angle of  attack with the model 
angle of  attack. (The factar was determined f r o m  the  data of figs. 4 
and 6 by assuming t h e   t a i l  angle of attack t o  be equal to  the increment 
of  pitching-moment coefficient  contributed by the   t a i l ,  divided by a k / a i ,  for  the  particular-model angle of attack under consideration. ) 
The factor I - (&/au) decreased rapidly  with increas3ng angles of  attack 
above 3', indicating a proportional decrease i n  the  stabiltty  contribution 
of t he   t a i l .  The downwash tended to  make the tail destabflizing above 
14O f a r  Mach nunhers of 0 . 9  and l e a s .  A t  intermediate  angles of attack 
the  variations of the stability  contributions of the t a i l  and of the 
wing tended t o  be compeneatorg (gee fig. 6) .  

Effects of wing dfhedral and sideslip angle.- Figure 8 shows that  
an increase of dihedral from -100 to  00 made the model somewhat less  
stable, and that  a sideslip  angle of produced a slight  increaee i n  
stabil i ty.  Although figure 9 showa t h a t  a t  anglea of attack up t o  posi- 
t ive  stabil i ty  ( indicated by the i n c r e m e n t  o f  pitching-moment coefficient 
between a = 0' and so) w a s  maintained a t  sidesrcip angles up t o  Bo, it 
is evident that the  st8bTUty  decreased at the  higher Mach rimer &d 
angles of sideslip. 
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Effects of Mach number.- Figure 10 i l lustrates  the  rather abrupt 
changes in  static  longitudinal  stabil i ty which were caused by increas- 
ing Mach  number. ?he figure show8 further that there were Fncreasea 
i n  the lift-curve  slopes of  the wlng  and t a i l  (the latter i s  reflected 
in the curves of &&it) - 8 s  the Mach n&er was increaaed fn  the 
upper range. 

The  Measured bngitudinal  Stabil i ty Derivative6 

Static-stability  derivative, Cm.- The stabil i ty parameter C k  
was  measured on the  oscillating model'  and i e  compared with values from 
the static-force tests in  f igure ll. Deflection  of  the  flexure  pivot8 
in the oscillation mechanism limited the tea ts  of each configuration 
t o  angles of attack near that fo r  C, = 0. The Reynolds m b e r  of 0.75 
million wse particularly  useful  since the lesser restoring momenta pro- 
duced st t h i s  Reynolds number permftted model oscillation over a more 
extensive  angle-of-attack range than was posaible a t  a  Reynolds number 
of  1.50 million.  mere  the comparison could  be made, the  data  for  the 
Reynolds rider of 0.75 million appeared t o  be representative of the 
data  for 1.50 million i n  the over-all  trends with angle of attack and 
Mach  number. 

The comparison of the  values of & measured s ta t ical ly  and 
dynamically shows good agreement, except a t  the l o w e s t  test  Mach  number. 
It should be  noted that  static-force  data  for only one t a i l  incidence 
have been included in  f igure 11. The difference between the  static and 
oscillatory values of a t  the high  angles of attack is  due primarily 
t o  the  previously mentioned los s  of t a i l  effectiveness which resulted 
in different  values of C% for  different tail incidences. 

The large effects of Mach number. on the  static longitudinal stabfl- 
i t y  which  were previously noted are  again demonstrated by the values of 
CW i n  figure E. The data presented are for angles of attack of ko 
or -4' since  these were the only angles a t  which the higher Reynolds 
number data were avaTlable a t  a l l  Mach numbers. 

Damping-in-pitch derivative, C q  + C a . -  The derimtive % + b, 
measured simultaneously d t h  (2% d u r a  pitching  oscillations of  the 
model, is presented i n  figure 11. For reasons men-tioned previously  the 
lower  Reynolds number data  are the mre extenstve. There was no Reynold8 
numbers effect  large enough e0 be differentiated from scatter in the data 
st Mach nmibers below 0.85. A t  higher Mach  numbers the  trends produced 
by increasing  angle of attack a t  the low Reynolde nuniber seemed t o  be 
repeated a t  the higher Reynolds nmber but, in  certain cases, a t   d i s t inc t ly  
different  levels of daping. . .  

c 
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It is  noteworthy that a t   t he  higher %ch  nmibers the mdel  with the 
horizontal tail r e m o d  provided a U g e  proportion of' the damping of 
the complete model at some asgles af attack, and l i t t l e  darnping at  others. 
For example, a t  a Mach  number of 0.94 and a Reynolds nmber of 1.50 mil- 
lion, the damping attributable  to thobody and w l n g  was 50 percent of 
the t o t a l  at  an angle of attack of -4 but  diminished  rapidly as the 
angle of attack became  more negative. A similar 108s of damping of 
the  body-wlng-vertical-tail comblnation  occurred at a l l  t es t  Mach numbers 
above 0.85 and wa8 in each  case accompanied by a M g e  gain i n  s ta t ic  
s tabi l i ty .  The same relationship between awing in pitch and s t a t i c  
longitudinal  stability was observed with the t r i a n g u l a r - w i n g  model of 
reference 2. It can be  determined f r o m  the data in figure 6 that the 
w i n g  caused variations in  at positive  angles of attack that were 
of the same order of magnitude as  those  noted in figure 11 at negative 
angles of attack, and it seems probable that the a was  also the 
source of large  variations in damping. 

It i s  remarkable that there was a total lack of damp- of the com- 
plete model at the higher Mach numbers a t  some large  angles of attack. 
Relations such as a r e  given 2 n  reference 10 lead t o  the expectation of 
a  favorable  dmwash  effect on tsil damping as  angle of attack is increased. 
Unfortunately,  there were insufficient data to  establish the damping 
contributions of the  various d e l  ccanponents an& t o  determine f9 the 
unsteady f low conditions on the w i n g  had. actually altered the downwash 
effects on damping. 

The wing of the complete model a t  4O angle of attack  increased 
with Mach  number up t o  0.92 but decreased a t  a Mach nmber of 0.94 
( f ig .  12). If' it is  assumed that the damping of the body-wing-vertica&- 
t a u  coa ina t ion   a t  -4O angle ~f attack is representative that a t  4 , 
it may be concluded that  the horizontal t a i l  caused part  of the increase 
in damping of the complete model with Mach number and was primezily 
responsible for the  decrease st Mach numbers above 0.92. 

The Measured Static  Lateral-Dtrectional  Chasacteristics 

The sideslip  derivatives were determFned from static-force tests 
by measuring the  forces and moments at me angle of aideslip, 60 , and 
assuming they  varied  -early with sideslip angle from Oo t o  @. Addi- 
tional  data,  presented in  figure 13, establish  the validity of the assump- 
tion f o r  the complete model a t  angles of attack up t o  6'. Other data 
not  presented showed that the lateral forces and nroments f o r  0' of 
sideslip were negUgible at angles of attack up t o  20'. 

The measurements of the 1ateraI"directional 
confined t o  modei configurations  having only me 
dence, 0'. The possibil i ty that there may be an 

characteristics were 
horfzontal tail inci- 
effect of t a i l  incidence 



on the  lateral-directional  derivatives  at  high  subsonic Mach mz111berf3 is 
pointed out  in  reference ll, which reports the  results of an lnvestiga- 
tian with an -wept "T" tail. Although not investigated,  the  effect of 3 

tail  incidence on the  subJect d e l  i s  believed to be e e r  than  in  the 
case  with  the  model of reference 11 on the  basis of the differences Fn 
tail geometry, which malres the tail of the subject model less  conducive 
t o  the  shock  interference  discussed in the reference. Also, as pointed 
out  in  the  reference,.  the  effect is encountered only at smal l  angles of 
attack w€th large  negative  tail  incidences,  which is an out-of-trlm 
condition of secondary importance. 

t 

R o l l i n g  moment  due t o  sideslip, Czg.- The complete model wa8 found 
to  have a positive  dihedral  affect  (negative C z p )  at all angles of attack 
at  which  the  model was tested  (see fig. 14). Much of the  dihedral  effect 
was  contributed by the vertical  tail,  as may be seen from a camparison of 
the data for.the body and the  body-vertical-tail  CombFnatLon,  although  this 
contribution  diminfshed t o  approximately  zero for angles  of  attack of Eo 
and m o r e .  The  end-plate  effect of the horizontal  tail amplified the dihe- 
dral effect of the  vertical tail. The  addition of the w i n g  at a dihedral 
of -loo reduced  the dihedral effect at =&e6 of attack up to about 6* 
to 80 but, except at the highest test  Mach  number,  provided a positive 
rather than negative  dihedral  effect at the  highest angles. A t  Mach num- 
bers  of 0.80 and 0.90 the  abrupt  changes  observed in CzP at  angles of 
attack near loo are thought  to  be  caused  by a,n asymmetric lose of wing I 

lift. 

c 

The  oscillatory and static-force-test  values of Czp shown in f ig -  
ure 16(a) were  in  good  -agreement  except  possibly a t  a Mach number of 0.25. 
The camparison of Cip w a s  similar to that of C- in  this  respect. 

Yawing moment  due to sideslip, Cq.- The  complete  model had positive 
directional stability, C np, (fig.. 14) over  the  angle-of-attack  range of 
the test, al.thou&  the  stability diminished with increases-in angle of 
attack beyond  about L4O. The stability afforded by the  vertical tail 
was  increased by the  end-plate  effect of the horizontal tail.  The  addi- 
tion of the wing also gave  rise  to a s m a l l  but definite increase in the 
effectiveness of the "tail at  most angles of attack.  However, it may be 
observed in figure 15 that an increase In the wing dfhedral. m e  to Oo 
caused a decrease in directional  stabllity,  approximately nullifying the 
favorable  interference  effect noted f o r  the wing of -10' dihedral in 
figure 14. . .  

Figure 16(b) Show8 $hat the oscillatory  8ktiC-fOI'Ce-k8t  values 
of Cns w e r e  in good  agreement f o r  the  body-wing  combination.  The  agree- * 
ment  between  the two test  conditions was not so g o d  for the complete 
model. It is possible that the eereme rearward position of the  vertical 
tail on this model may have  resulted ill sting  interference an the values 9 



Ir. 

of Cn and that par t  of the disagreement in figure 16(b) i s  due to the 
use of different s t i n g  diameters In the   osci ' l t ion and static-force  tests. 

P 
1 

The chief Mach number effect on directional  stability, s h m  In f ig-  
ure 17 for 0' angle of attack, was an increase with increasing Mach number, 
due t o  an increase i n  tail.  e f f e c t i m e s s .  

Lateral Rotary  Derivatives 

DamPing-in-roll derivative . Cl,.- Figure 18 shows that the major por- 

tion of the damping i n  roll was contributed by the body-wing combination. 
The &ping of both th i s  configuration and of the cqp le t e  m&el diminished 
rapidly with an increase in angle of attack beyond 6 to 8O, which is  the 
angle range just  preceding  the  decrease i n  slop& of the lift curve. This 
trend is the same as  that noted in  reference 5 on a s u r  model. 

~~ 

The contribution of the tail surfaces to drtmping in roll increased 
markedly with Mach nmiber, and was actuallgr equgl to the damping of the 
body-wing combiaation a t  a Mach number of 0.94 a t  0' angle of attack. The 
end-plate effect  of the horizontal tai l  again increased  the  contribution 

* of the  vertical tail as was the  case with the  sideslip  derivatives. W e  
the tail was expected t o  provide damping with no wing present, it was antic- 
ipated that the sidewash produced by the ro l l ing  wfng would create a ro l l -  
Lng moment on the tail w h i c h  would- almost nullify the h p i n g  of the tail. 
This result  was in fac t  real ized a t  the lowest speeds,  but a t  the higher 
Madl numbers (fig. 18} the damping of the t a i l  w a s  in maay ca6e6 practi- 
cally undiminished by the addition of the w3ng. The tail provided much 
smaller d u e s  of damping in the 6teady-rollirng t e s t s  of reference 5, but 
this disparity in  results w a s  not limited t o  the wkg-on case. The appar- 
ent  conclusion is tbat the osciUatory motion produced substantial tail 
damzing that was not greatly affected by wing sidewash at the higher Mach 
nurnbers. As a  result, the damping i n  roll of the model Fncreased w i t h  Mach 
number, as shown f o r  Oo angle of attack in  figure 21. 

'I 

Reynolds number and dihedral  effects,  presented in  figure 20(a), were 
not  discernible from experimental scatter. 

Yawing moment  due to rolling velocity .- Figure 18 shows that at c"P 
small and negative angles of attack the values Oe Cnp f o r  the complete 
model were positive  but that they became increasingly negative  as the angle 

.I of attack was increased above 2 O  to bo. U n l i k e  the ming in roll, the 
expected effect of wing sidewash on was observed at a l l  Mach numbers; 
that is, the sidewash at the tail was expected t o  produce negative 

C% 
.i 
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increments in Cnp, and the  test  results  established that the Cnp of 
the cmplete model was much more negaixLve than would result  from a simple n 

addition of the body-wing values and the body-tail dues. 

4 

The  effects cS wing dihedral  and  Reynolds  number OII Cnp are shown 
in  figure 20. Generally, a change in wing dihedral f ram -loo to Oo 
resulted in substantial  positive  increases Fn Cnp, particularly at the 
higher  &ch  numbers. The values of CnP were also rather  sensitive  to 
Reynolds llumber at  these  Mach  numbers. 

The  effect  of  Mach  number on Cnp at Oo angle of attack  (fig. U )  
was  to  increase  the  positive  value  of Cnp at a Mach  number of 0.94 to 
about twice  the  value  observed at Mach nmibers below 0.90. 

Rol l ing  m m n t  due to pw5ng velocity Czr - C z b . -  Figure 19 share 

that  this  derlvative waa positive for the cmplete model at angles  of 
attack up to at Least 8 . The  positive  values  were due, for the  most part, 
to  the tail. Values of this derivative for higher angles of attack  than 
those shown in figure 1-9 were  actually  measured and are  presented in fig- I 

ure 25 reerred to a b e  system of &xes. (A dlscussion of the b d y  system 
of axes is in the  Appendix. ) A sharp decrease in C& - Ci; cos CL for 
the  complete  model is evident fn figure 25 above loo angle of attack  at 
Mach  numbers of 0.80 and higher. This large change,  presumably  assoclated 
with an asymmetric loss of wing lift,  did not materialize  at  the lower 
Reynolds  number,  however  (see  fig. 20(c)). 

- 

The  effects of dihedral on Czr - C z i  were  irregular  over  the angle- 
of-attack w e ,  and were  Largest  at  the  higher  Mach  numbers,  being aimilar 
to Cnp in thls  respect. In both  derfvatives,  Reynolds  number  effects 
varied with angle  of attack in a nonuniform m e r  and were  largest at the 
highest Mach number. 

Damping-tn-yaw derivative  Cnr - Cni.-  The  data of figures 19 and 25 
~ 

show that  the damping in yaw of the  camplete  model was maintained  at a high 
l e v e l  for m e s  of sttack up to atoLeast uO. There  was some increase in 
damping at angles  of  attack  above 6 with a subsequent loss at s t i l l  higher 
angles,  where  the damping of the  body-wing  cornbination  became  less. The 
body  appeared  to  be  the major factor in the loss of damping at high  angles 
of  attack.  It  should  be  stated  here  that  the  measurements  made  with  the 
body alone were  sufficient only to  establish the values of khe damping in 
p w  and the r o l l i n g  moment  due  to y a w i n g  velocity reerred to body  axes. 
To obtain  the  body-alone d q p i n g  referred to stability  axes, as is  presented 
In figure 19, it wa8 necessary  to  assume that the  moments  due  to  the body's 
rolling  about  its  longitudinal  axis  were zero. Such an assumption may have 

_ _  

i 

w 
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a created errors  i n  the  values of body-alone damping at  the Larger angles 
of attack, but  the data a r e  presented,  nevertheless, i n  the belief that 
the  correct  trend i s  indicated. 

i, 

As shown i n  figure 19, the  addition of the  horizontal tail increased 
the effectiveness of the vertical tail in providing damping i n  yaw, except 
a t  a Mach number of 0.94. The contribution of' the tail to damping Increased 
considerably with angle of attack f o r  the wing-off case,  but w i t h  the w i n g  
on there was much less increase.  Eddently,  the  nature of the wing inter- 
ference on the tail -in@; and on the tail restoring moments was quite 
different; that is, this interference on Cnr - C$ was favorable at nega- 
t ive  angles of attack and unfavorable at high positive angles of attack, 
whereas the  interference  effect on CnB (fig. 14) was always f awrable . 

A t  Oo angle of attack  there was an increase in damping with increasing 
Mach  number  up t o  about 0.85, as illustrated 3 n  figure 21, but above this 
Mach  number there was a loss of damp- contributed by the tail. The l a t t e r  
effect w a s  caused w h o l l y  by the  horizontal tail, Which had an unfavorable 
interference  effect on the damping of the vertical tail at high &ch nmfbers 
(fig. 19) .  This was true  regardless of whether or not  the wing was attached. 
The effect is not simply explained s b c e  the  horizontal. t a i l  maintained an 
end-plate effect  on the vertical-tail contribution  to ks a t  all Mach 
numbers. 

- The Reynolds number asd dihedral effects (fig. 20(d)) were largest  at 
the highest Mach numbers, as m e  the case  with Cnp and Czr - Czb. 

Dynamic-StabiMty Calculatfons 

In order t o  provide a better  perspective of the aynamic s tab i l i ty  of 
this particular configuration,  the data in the foregoing  figures have been 
applied t o  calculations of the Qnamic mtions f o r  a representative air- 
plane. Values of the  period and time t o  damp of the  short-period  longi- 
tudinal and lateral-directfond  oscil lations have been calcuhted and the 
dynamic characteristics cnmpared w i t h  the  requirements UP reference 12. 
It should be pointed out that if the requirements are not met, it does not 
necessarily mean that the motLons w i l l .  be  unsafe o r  divergent,  but  rather 
that the  airplane may not be able t o  execute'satisfactorily i t s  expected 
maneuvers. 

The mass and dimensional data for the  representative  airplane  used fn 
these  calculations are presented in  table II. 

c - .  
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Ey-namic  longitudinal  stability.-  The  period and t h e  to damp of the 
short-period  controls-fiied  longitudinal  oscillatians  were  calculated  by 
the  method  given iii the.Appendix of reference 2. Additional  derfvatives I 

other  than  those  measured in this  investigation  enter  into  the  calculations 
but  have  little  effect on the  period or time  to damp. These  include CLs 
and Q. A variation d either of these tyo derivatives frm 0 to 4 
produced 8 change in period  of  .about 2 percent  and  essentlalJy no change 
in  damping. Also ' a n  independent  variation of Cms. and % resulted  in 
a similarly smalL cbage. If the measured damping is assumed  to  be  entirely 

fr due to CG, the period is increased  by no more than 10 percent over what it 
would be if the  damping  were  due  entirely  to 

* 

/ 

c.41- 
. The  results of- the cdcuhtions of the  period  and  time t o  damp to 

half amplftude,  presented in figure 22, idicate that  for all the  condf- 
tions  considered, the airplane has dynamic-longitudinal-stability ch.ar&c- 
teristics  which  adequately fulPil l  the  requirements  of  ref'erence 12. It 
should  be  noted  that  due to the  restricted amount of dak available at a 
Reynolds  number of 1.50 million; it was necessary t o  use dmqing deriva- 
tives  measured  at a Reynolds  number of 0.75 million in estlmsting  the 
longitudinal dymmic'stability for the  higher Mach numbers.  This  procedure 
gave someat misleaaing  results  at a Mach  number  of 0.94, because a lar e 
Reynolds  number  effect was present @I the d a t a  for an angle of attack (4 ) 
corresponding  to an altitude o f"k ,000  feet.  Figure  U(g) shows that a t  
the  lower  Reynolds  number  the  damping of the  model  decreased  rapidly at 
angles of attack  above 2' (corresponding  to 20,000 feet). It  is  evident 
that  the  calculated  stability  characteristics of the airplane at the  higher 
altitudes and at a Mach number of 0.94 would have been  better if the  higher 
Reynolds  number  data had been  used. 

- 

Dynamic  lateral  stability.-  The  period  and  damping of' the  short-period 
lateral-directional  osciU+tions  have  been  calcqlated  by  the  method of 
reference 13. Derfvatives  encountered in the  calculations  included Cyr 
and Cy , w M c h  were  not measwed .&.this  ipveatigation.  Estimates  were 
made of these  two  derivatives, and it was found that any reasonable varia- 
tion in either  derivative  resulted in only negligible  changes fn the  period 
and damping. These  derivatives  were  therefore  assumed  to  be  zero.  Another 
limitaticm of the  calculations  is  the lack of separate values f o r  the deriv- 
atives  due to sideslipping  acceleration, &* and Cz. In this situation 
the  measured  values of Cnr - Cni and Czr - Clb  have  been  Used ir; the 
equations of reference 13 in phce of Cnr and Cz , with no consideration 
being glven to  the  terms  separately. This is  believed to be  the most 
accurate way to  take  ELccoUnt  of  the  possible  effects o f  sideslipping  accel- 
eration  in  the  absence of independent  measurements of all derivatives. 

P 

B P' 

r 
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The results of the calculations ase  presented In figure 23. Although 
the  period and time t o  damp were considered  eufficient indications of the 
acceptability of the  longitudinal  responae,  they  provide on ly  part of the 
information  necessary to evaluate  the  lateraL-directional stability. The 
damping parameter I J c ~ , ~  st= represents damp- In the same senae as was 
considered Fn longituainal motions, since It i s  m e r e l y  the  ratfo of  the 
period P t o  the time requfred t o  damp t o  half amplitude, T, /2. However, 
the minim value desirable is no longer fixed,  but  varfes  with  the roll-  
excitation parameter Irpl/ [Vel * Thie parameter,  repreeentFng the tendency 
of the airplane t o  roll when disturbed i n  sideslip, was calculated by the 
method outlined in the Appenafx of reference 14. 

The boundaries in fig-ure 23 Indicate mfnirmlm acceptable  values 8s  
defked in  reference 12. Boundary A represents a minimum f o r  an afrplane 
with no a r t i f i c i a l  e t a b i l i t y  augmentation, and boundary €3 i e  a min9mum for 
an airplane which normally employs an a r t i f i c i a l   s t ab i lh ing  device  but 
with the device  Fnoperative. The uppermost boundary is the minimum for a 
tac t ica l  mission and i s  therefore  the value which must be at ta ined  a t   the  
design  conditions, by a a  a r t i f f c i a l  devlce i f  necessary. 

The calculated  values in figure 23 f a l l  w e l l  below the mfnimum 
required  for 8 t ac t i ca l  mission, but the values are all above  boundary B. 
It may be noted that  there was a  decrease in the s t a b i l i t y  as  the  alt i tude 
increased,  particularly at the  higher Mach numbers. Such a situation was 
due par t ia l ly  t o  aa increase in  the  relative  density  factor of the a b -  
plane, which is  a factor relating 5nertia.l forces to  aerodynamic forces. 
A second and important factor was the  decrease Fn C, which accompanied 

P 
the Fncrease in angle of attack as al t i tude increased.. 

The dependence of  the damping parameter on Cnp is demonstrated by 
the  results of calculations f o r  a Mach number of 0.9. For these calcu- 
lations  the  effect of  the  relative  density  factor was eli-ted by  con= 
siderwg  only a conetant alt i tude.  It was here i n a i c a t d  that a decrease 
i n  kp of 0.1 would result  i n  a loss in l/Cl,2 of about 0 .l5. By way 
of comparison, It may be noted. that the range of values of c”p which 
w a s  encountered in  the  preparatfon of figure 23 was almoet 0.25. It is 
perhaps obvious that   the  effect  of hp was Large for  this particulaz 
model became of the  Fnteraction of  this derivative d t h  other  factors in 
the equstLons of motion. An “bion  of the equations  indicated that 
a b g e  dihedral effect w of the moat importance i n  this respect, and 
calculations  verified that the  effect of C, wotiLd have  been negligible 

if czB had zero* 
P 

The damping-in=roll derivative, C2 , is the only other derlwtive 
5nvolved t o  any -eat exbent Fn the dhanges of dynamic s t ab i l i t y  wfth 
al t i tude and Mach nmber that are indicated i n  figure 23. The effect of 
increases a r o l l  damping on t h e  parameter l / ~ , ,~  was fmorable and about 

P 



one half a8 great a8 the effect of Cnp at a mch number of 0.90 and B 

40,000 feet.  However,  at 20,000 feet C had practi- no effect, so 
that  its  importance is not  simple  to  evaluate.  The  derivative Cnr - C$ I 

was almost  constant in the  range  of fught conditions  considered in fig- 
ure 23, so that thfs  derivative had little to do with  the  changes in 
dJmamic  stability shown. However, if Cnr - Cni hsd varied by an mount 
equal to Cnp it would have  produced  about  one thfrd of  the  effect on 
l/Cl,z that was  caused by Cnp. 

ZP 

I 

Figure 23 shows an increase of the  roll-excitation  parameter ] cp l/[ve I 
with  altitude. This was caused  primarily by changes in the  relative 
density  factor.  The  only  aeroaynamic  derivatives  which  cause  eigntfTcant 
changes in f c p  1 / 1  Ve I are the  static derimt€ves CzB and hB. Huwever, 
these did not vary enough $a the-range of flight  conditions  examined to 
cause  much  effect, 

Est-tes of Rotary Derivatives 

An estimation  of the rotary derivatives of the model has been 
attempted, using s&e -of the s.hqler methods available and utilizing the 
stktic-force  data  where  possible.  The  results of these  calculations  are 
shown  by the curves labeled  "theory" in the  figures. The theory and 
experiment  are  compared on the basis of the ef'fect these  derivatives  had on 
the  estimated  oscillatory  response of the representative  afrplane. 

Estimate of % + %.- The contributim of the b e  to this derfva- 
tive w&s determined hy the method developed in reference 15, from  which 
equation (€321) is repeated for convenience: 

where 

Bb base  area 

2 - x. distance from base of body  to axis of  rotation. 

It may be seen in figure II that this estFmate compared w e l l  with  the d a t a  
f o r  the  body-vertical-tail.  combinatfon for.all angles of attack at which 
the madel was tested. 

.L 
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The wing contribution was also estimated by the method in refer- 
ence 15. In this  case  it was necessary to expand certain  terms in tbe 
equations so that  they  would  apply  to  other  than  triangular wings. For 
the  particular plan form of the w b g  of this  investigation, only the 

i 

moment due to cauiber  (which was Fntended to be 
in pitch)  was of any consequence in the 
Therefore,  the  relation used was as follows: 

- 
where . 

The contribution of the wing to C& was ignored on the  basis  than  its 
magnitude, calculated by the method of reference 15, was generally mall 

compared  to . However ,  the trend  with angle of attack of the 

calculated values of was approximately  the same as the  trend of the 
experimental data  for C r q  + && in figure 11. It  is  possible  that  fnclu- 
sion of C!m& might have iznproved tple theoretical  values if the  effects of 
the low aspect  ratio and sharp hading edge on this term had been  more 
accurately  assessed. 

The  largest  damping  component was calculated for the  horizontal tall 
following  the  method of reference 10: 

The  pitching-moment and downwash terms  used in this  calculation  were  evalu- 
ated  from  the  static-force  tests.  It ?my be seen in figure I l  that the 
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t a u  contribution Was usually  overeathated  but  tended  to  compensate for 
an underestimation of the  wing  contributian a t  the  smaller  angles of 
attack.  Here,  again,  the CE term  is  assCuSa-to  be  that  which has been 
incorrectly  evaluated,  inasmuch as a relationship  is  expected to exist 
between  the  unsteady  forces on the w i n g  and  the  tail. “ h i s  problem has 
been  considered  in  more  detail in reference 16. 

Estimation of Czp.- The  dnmping-in-roll  derivative was estbated by 
methods  described  in  reference 13. Two components,  that from the wing m d  
that  from  the  tail,  were  computed, both based on static-force data. Only 
the wing contribution  is shown in figures 18 and 21 because  the  sidewash 
from  the rolling wing was assumed  to  have  reduced  the .tau contribution  to 
a negligible  amount.  Calculations of the sidewash by methods suggested in 
reference 1 3  did not materially  change this conclusion.  The  comparison 
with  experiment  for  the  tail-off  configuration shows the  estimates  to  be 
adequate at Mach numbers of 0.80 and above, but  the experi-bl values 
for the  complete  model  exceeded  the  calculated  derivatives  by as much 
as  0.2. 

Esthnation o f .  Cnp.- This derivative was alao estimated for the  body- 

wing combination and for  the  complete model. Reference 1 3  was used  to 
calculate all componeftts.  However,  when  the  method was applied  to  the 
calculation of the  body-wing  component,  the  resulting  values of kP 
were  greater  than “0.3 which was very  Large  compared  to  the  test  values. 
Since  the  method  uses  empirical  factors,  another  relation was employed 
based  on  considerations  in  reference 17. This  relation was simply 

and is valid as long as 

which  Implies the  presence of leading-edge  separatloq. 
axe not shown, the drag coefficient  due to lift of the 
tion  never  differed f’rom Q, t an  a by ‘more  than 0.01, 

Although  the data 
body-wing combim- 
The  theoretical 

values for  the body-wlng coGbimtion in ffgure 18 are  therefore  those 
calculated by this  Latter  method, uslng the estimated  values of 
Unfortunately,  the  estimate  is  ‘still  not in very  good  agreement ::{.the 
test  value  at  large  angles of attack. 



c The estimate of the tall contribution t o  Cnp was somewhat small  at 
an angle of attack of Oo, but perhaps a less  desirable  result was that 

estimated. In view of the  sensitivity of the  airplane's  oscillatory 
response t o  changes in  Cnp, the  estimate of Cnp f o r  the ccenplete model 
a t  high angles of attack must be considered  unsatisfactory. It was possible 

' t o  improve the agreement at  an angle of attack of Oo by using some of the 
methods f o r  calculating sidewash effects suggested in reference 13, but 
they did not materially improve the  rate of change of Cnp xi th  angle of 
attack, w h i c h  was f e l t  to be the  basic  deficiency of the  estfmate. 

* the  rate of decrease of the  derivative with angle of attack was under- 

Estimate of C l r  Values of this derlvative were calculated - CZa" 
for  the win@; and f o r  the tail using reference 13 and the  static-force data. 
The reference did not actually  consider terms, so they have been 
assumed equal t o  zero. The values, shown in figures 19 and 21, compared 
favorably with werlmental d u e s  up t o  angles of attack of about loo, 
above which Large negative  Increases were  measured (fig. 25) that were 
not predicted by theory. 

- Estimate of Cnr - C+.- The e s t a t e  of -ping in yaw also was 

c and again assum3ng the fi t e r m  equal t o  zero. The exception t o  this pro- 
accomplished using reference l3 and static-force data f o r  the most part 

cedure was the body estimate w h i c h  w a s  assumed t o  be: 

The estimate was f a i r  (see figs . 19 and U) a t  small angles of attack  but 
did  not  take account of the loss of dnslpbg with Fncreasbg angle of attack 
that w a s  measured. The calculated wing contribution was amall in relation 
t o  the  apparent  experimental  lncrement. It should be recalled that the 
measured damping i n  y a w  about the stability axis f o r  the body alone was an 
approximation  since it was assumed that the body had no moments due t o  
rolling about f ts  longitudinal axis. The contribution of the tail  was 
underestMted at the lower Mach numbers, but the agreement wns improved 
at  the  higher Mach numbers, largely because of the unexpected loss of the 
end-plate  effect of the  horizontal t a i l  OIL the measured. values. 

The maximum disagreement between estimated and test d u e s  of 
Cnr - Cn; f o r  the complete model was of the same order of magnitude as 
was obtaFned with Czp. Better agreement was obtained a t  high Wch nzlnnbers 

C .  

because of the compensathg effects  noted f o r  the various model  components. 
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Comparison  of-theory  and  experiment by oscillatory-responee 
calculations.-  The  over-all  agreement  between  the  estimated and measured 
values of the rotary derivatives  can  be  assessed from figure 24. This Y 

figure  presents  calculated  values of the  time  to damp to half amplitude, 
since  this is the  only  oscfllatory-response  characteristic dfected eignif- 
icantly by the  rotary  derlvatives. 

The  most serious discrepancy  between  the damping calculated from the 
experimental  and  theoretical  values of % + % occurs  at a Mach  number 
of 0.94 at 40,000 feet. . As noted  previously,  the  measured  value of % -t- for thls  flight  condition m s  adversely  affected  by  Reynolds 
number,  and  the  theoretical  value of % + C& is  actually  more  repre- 
sentative of the  higher Reynolds number data. It is  concluded  that the 
estimates of C% f C q  agree  well  with  the  measured values f o r  these 
f l fgh t  conditions. 

Figure 24 shows  that  the  damping of the  lateral  oscfllation was lower 
when  the  estFmated  values of the rotary derivatives  were  used  than  when 
the measured  values  were used. The  differences  between the two sets of 
calculated damping values f o r  an altitude of 20,000 feet were caused by 
differences in Cnr - Cni (primarily  at  Mach  numbers  below 0.9) and in 
Cnp (the  Larger  influence at Mach numbers above O.w}. Both  derivatives 
yere also responsible f o r  some of the  large discrepancy i n  damping at a 
Mach number of 0.92 .&ha etn altitude of b , O O O  feet, while differences in 
C caused  much of the  disagreement  at  the  lower  Mach numbers at 40,000 ' 

feet. TPle figure shows that  the  difference.in  time  to damp to half amgli- 
tude  computed  from  the t w o  sets of derlvatives  could amaunt to more than 
one  third of the  value for the  representative  airplane.  This  comparison 
applies, of course, only to  the  angles of attack  corresponding to the 
selected flight condition (6-1/2' m a  the maximum angle of attack 
considered). 

.. & 

%? 

The  static  end  dynamic-rotary  stability  derivatives of a model repre- 
sentative of modern  airplane  design  were  measured in a wind  tunnel  at  sub- 
sonic speeds. The model had aa unswept w i n g  with a sharp leading edge, a 
thickness  ratio  of 0.034, and aa espect  ratio of 2.44. The  horfzontal tail 
of the  model  was  mounted- 
observed: 

1. The wing was in 
and % + %  asangle 
numbers of' 0 .go and less 

high on a swept  vertical  tail. The fol lowing w&0 

itself  the  source of large  variations in (& 

of attack  and  Mach m b e r  changed. Data at  Mach 
hdicated that C L ~  decreased by a large amount 

. 



above an angle of attack of 8O to 18, and this was accranpanled by large 
losses 5x1 C - Cz;. The  decrease in lift- effectiveness was evident 
also in the much smaller values of C as capaxed to  those  at  lower 
angles of attack, and in abrupt  variations in C with angle of attack. 

2. The  vertical tail, besides  being  the  major  source af Cn,, 
Cx, - C2ay and Cnr - Cni mer most of the angle-of-attack  range, had a 
large  effect on C2 and on C at high Mach nmibers.  The  horizontal 
ta i l  increased  the  effectiveness of the vertical tall except Fn the  case 
of C+ - C q  st a number of o .94. 

2, 

ZP 

BY ZP 

3 .  The  air flow behind the w i n g  altered  the  characteristics of the 
tail Fn certain  important aspects. The wing downwash increased  with  angle 
of  attack enough to  make  the  horizontal  tail  longitudinally  destabilizing 
above an angle of  attack of 14’. When the  model was rolling, the  sidewash 
Prom the w i n g  created tail loads which  made  Cnp  negative  over  much of the 
angle-&-attack  range and w h i c h  reduced  the tail contributFon to at 
low Mach numbers.  Interference of the wing on the flow at the tail 
Wcreased both  Cna and C& - k; at negative  angles of attack but 
decreased  Cnr- kr; at  Large  positive  angles of attack. Data on the can- 
plete m o d e l  showed that a change in wing dihedral caused  changes in many 

large  at high Mach numbers f o r  Cnp, CIr - Cl;, and kr - Cng, all of which 

are highly dependent on the air flow at the tail and consequently on the 
location of‘ the  tail with  respect  to the flow field  behind  the wing. These 
rotary  derivatives,  together with % + Wy seemed also to  be  sensitive 
to  changes in Reynolds  number  from 0 -75 million to l .% million, 
particularly  at  the  hfgher Macpl numbers. 

czP 

- 

- of the  derivatives  besides C The  effects of dihedral  were  especially 
28. 

4. Calculations of the  control-fixed  oscillatory  response of a repre- 
sentative amlane were d e  for 8. range  of Mach numbers frm 0.60 to 0.94 
and of altitudes fram sea level to 40,000 feet. In this range of flight 
conditions,  the  airplane had satisfactory damping of the  short-period 
longitudinal  oscEllation.  The  lateral osciUation was sufficiently dnmped 
for  the  airplane to be s d e l y  flown, but  the damping was insufficient  for 
a tactical mission. The damping of the lateral oscillation was found to 
be sensitive to changes in kp (because of interaction  with a large 
negative d u e  of CZ ) and to a lesser  extent on ~ 2 ~ .  and cnr - Crib. B 
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5 .  Estimates  were  made of the rotary derivatives by semiempiricaL . 
methods. On the basis of o s c i l l a t o r y  ARmphg calculations  for the repre- 
sentative  airplane  at small angles of attack,  it was concluded  that the 
estimates of % + 12% agreed w e l l  with  the  measured values. Computa- 
tions using the stimated and measured  values of the  lateral rotary deriva- 
tives  indicated  differences in time to damp tp half amplitude of as much 
as one  third  of  the d u e  for the  representative  airplane. 

L 

Ames  Aeronautical  Laboratory 
National Advisory  Canrmittee for Aeronautics 

Moffett  Field,  Calif., Sept. 4, 1956 
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When the QnamLc motions of an a m b e  are t o  be computed, it i s  
sometimes d e s h b l e  t o  use a body system of axes which remains fixed within 
the  airplane  rather than the  s tabi l i ty  system of axes. The w e  of a body 
system of axes  sfmplifies  the  calculation af these motions in that the 
moment of iner t ia  about any axis is tndependent of the  angle of attack. 
The  body system of axes chosen f o r  the data presented in  this report is 
one in which the x axis is  the fuselage  reference m e ,  the z axis is 
perpendicdsr t o  the x axis end lies in  the  plane of symmetry and the 
y axis is  perpendicular t o  the plane of symmetry. 

The transfer of the  rotary  derivatives t o  the boQ axes involves the 
transfer of the moments, 2 ,  ro l l ing  moment and n, y a w i n g  mcaaent, and 
the  rotational  velocities, p and r . For a pure roJlLng motion about the 
body x axis, the t o w  damping moments about that axis are: 

-r 

and 

(cnr - c+ - czp) S F n  a cos a 

For a pure ;yawing motion about  the body z axis, the t o t a l  damping 
moments about that axis  are: 
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. 

and 

As before,  it is assumed  that  the  total damping moment 2s the moment of 
most  significance  for  calculations of airplane  dynamic  stability  in  the 
absence of measurements of all the  Fndividual  coqponents.  Therefore,  the 
quantity  expressed by the  left-hand  side of each of the  above  equations is 
considered to be  the  desired  derivative  for such calculations. Inciden- 
tally, this quantity  represents  the  moment  actually measured by the 
present t e s t  tecmque. 

- 

The  derivative  listed  above as w e l l  ES the  applicable  static stability 
derivatives  are  presented in figure 25 for the  complete  model. Only the 
oscillatory  values of the  sideslip  derivatives  are  presented.  Since  the 
y axes  of  the  body  and  stability  system of &xes  are  coincident, the 
derivatives Cy p, %, and % + are  the  same  in  either  system af 
axes. 
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W i n g  (basic p l an  form. lea- and traUing edges &ended t o  plane of 

Span. .. f’t  . . . . . . . . . . . . . . . . . . . . . . . . .  2.16 Area. .. sq ft . . . . . . . . . . . . . . . . . . . . . . .  1.90 
Mean aerodynamic  chord. F. f t  . . . . . . . . . . . . . . . . .  0.94 
Aspect ratio . . . . . . . . . . . . . . . . . . . . . . . .  2.44 
Leading-edge sweep.  deg . . . . . . . . . . . . . . . . . . .  27.00 
Taperratio . . . . . . . . . . . . . . . . . . . . . . . . .  0.38 
Incidence. deg . . . . . . . . . . . . . . . . . . . . . . .  0 
Dihedxal. deg . . . . . . . . . . . . . . . . . . . . . . . .  -10 
Airfoil section 

symmetry) 

Forward To-percent chord (forward 2.5 percent  modified t o  form 
sharp  leading edge) . . . . . . . . . . . . . . . .  e l l i p t i c a l  

R e a r  p -percent  chord . . . . . . . . . . . . . . . . .  biconvex 
Thickness r a t i o  . . . . . . . . . . . . . . . . . . . . . .  0.034 

Span. ft . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.20 

M e a n  aerodymmlc chord. ft . . . . . . . . . . . . . . . . .  0.44 
Aspect ra t io  . . . . . . . . . . . . . . . . . . . . . . . .  2.97 
Taper ratio . . . . . . . . . . . . . . . . . . . . . . . . .  0.3 
Leading-edge sweep. deg . . . . . . . . . . . . . . . . . . .  19 . 87_ 
Length (distance between 0.25 F points). ft . . . . . . . .  1.67 
Height. ft . . . . . . . . . . . . . . . . . . . . . . . . .  0.69 
Airfoil  section 

Forward %-percent  chord . . . . . . . . . . . . . . .  e l l i p t i c a l  
R e a r  50-percent chord . . . . . . . . . . . . . . . . .  biconvex 
Thickness r a t i o  . . . . . . . . . . . . . . . . . . . . . .  0.05 

Vertical tail (leading and trail- edges extended t o  body center line) 

Horizontal tai l  

Area. s q f t  . . . . . . . . . . . . . . . . . . . . . . . . .  0.48 

span. fi . . . . . . . . . . . . . . . . . . . . . . . . . .  0.69 
~ r e a . ~ q f t  . . . . . . . . . . . . . . . . . . . . . . . . .  0.56 
Mean aero-c chord. ft . . . . . . . . . . . . . . . . .  0.87 
Aspect ra t io  . . . . . . . . . . . . . . . . . . . . . . . .  0.86 
Thper ra t io  . . . . . . . . . . . . . . . . . . . . . . . . .  0.37 
Leadtng-edge sweep.  deg . . . . . . . . . . . . . . . . . . .  43.96 
Length (distance between 0.25 F points). ft . . . . . . . .  1.20 
Height. ft . . . . . . . . . . . . . . . . . . . . . . . . .  0.29 
Airfoi l .  section 

Forward 50-percent  chord . . . . . . . . . . . . . . .  e l l fp t ica l  
Rear 50-percent chord . . . . . . . . . . . . . . . . .  biconvex 
Thickness r a t i o  

Root . . . . . . . . . . . . . . . . . . . . . . . . . .  0.043 
Tip . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.050 

Length. ft . . . . . . . . . . . . . . . . . . . . . . . . .  4.65 
Base area. sq ft . . . . . . . . . . . . . . . . . . . . . .  0.13 
Horizontal  locatfon (aft of lead- edge of  F). percent 5 . 25 

Bo as. 

Moment center (on body center  line) 
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Geometric data 

Mass d a t a  
Model s c a l e  (w ing  area 189.6 sq ft) . . . . . . . . . . . . . 0.10 

Weight, Ib . . . . . . . . . . . . . . . . . . . . . . . . . 14,150 
I%, ~lug-ft;~ . . . . . . . . . . . . . . . . . . . . . . . 3,120 
rye, Slug-f-t2 . . . . . . . . . . . . . . . . . . . .. . . . . 40,100 
=zo I ~lug-ft;~ . . . . . . . . . . . . . . . . . . . . . . . 41,LOO 
Inclination of  the  principal l o n g f t u d b d .  axis be low the 

f’uselage reference line, deg . . . . . . . . . . . . . 3 
Center of gravity position, percent ’E . . . . . . . . . . . 25 

1 where : I+, Iyo, Iz0 moments of  inertla, about the principal axes 



NACA RM A56104 31 

C, 

L 

Figure 1.- The s tab i l i ty  eystem of axes: an orthogonal aystem of  axes 
havtng i t s  or igin a t  the center of gravity,  the z arcis in the plane 
of symmetry and perpendicular to the relative wind, the x axLs i n  
the plane of symmetry and perpendicular to the z ax is ,  and the y 
a x i s  perpendicular to the plane of symmetry. Arrow8 Sndicate the 
positive directions of forces and moments. 
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f igure 2. - Ttuee-view dradng of the model. 
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Figure 3 .  - Photograph of the model  mounted on the osc i l la t ion  apparatus. 



4 le 

CL Cm 

. . . . . . . 



4 

(b) M = 0.80 

Rgure 4. - Continued. 
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( c )  M = 0.9 

Figure 4.- Continued. 
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(a) M = 0.94 

figure 4.- Concluded. 
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figure 5 .  - The drag characteristLcs of the complete mdel; wing dihedral = -loo, it = 0'. 
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(b) pi = 0.80 

F~gure 6. - Continued. 
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(c)  M = 0.90 

Figure 6 .  - Continues. 
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(a) M = 0.94 

Figure 6.  - Concluded. 
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GL c, 
(a) pi = 0.5 

Figure 8.- The lift and pitching-moment  characteristics for various angles of sidedip and wing 
dihedral; R = 1.50 million. 
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(b) M = 0.80 

Figure 8. - Continued. 
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Figure 8. - Continued. 
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(a) M = 0.94 

Figure 8. - Concluded, 
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Figure 10.- The variation with Mach number of  static longitudinal ata-  
b i l i t y  8nd c o n t r o i p a r i t e r s  f o r  the cowle-te model; R = 1.50 
million, wing dihedral = -loo, it; = Oo . 
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(a) M = 0.25 

Figure U.- llhe longitudinal atabil l ty derivatives from oeci l la t ion tests; dihedral = -10". 
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(b) M = 0.60 

Figure U.- Continued. 

. .  . . .  



1 I” 

, d  le 

Cma. prr dea 
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Figure 11. - Continued, 
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Figure IL- Continued. 
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(f) M = 0.92 

Figure U.- Continued. 
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F’igure 11. - Concluded. 
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Figure 12.- The varfatlon with Mach nmber of the longituanal stabil i ty 
derivativee, % and Cms + CM ; R = 1.50 million, wing 
dihedral = -loo, a = 4' except for osciUstion tests of  body, wing, 
and vertfcal tail which were  performed a t  a, = -4". 
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(a) M = 0.80 

Figure 14.- Continued. 
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( 8 )  M = 0.25 

Flgure 15.- !the effect of Reynolds number and wing dlbedral on Qhe slaesllp deriW3tiVeE from the 
etatic-force teeeta of the complete mael .  
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(c)  M = 0.90 

F.igure 15. - Continue&. 
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Figure 16.- A conparison o f  the eideslip derivatives from stat ic-fome t e s t s  an8 oecl l la t lon  
testa;  R = 1.50 mlllion, wing dihedral = -10'. 
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Figure 16. - Concluded. 
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Figure 17.- The variation with Mach number of the sidedip derivatives; 

R = 1-50 m f u o n ,  wing afhedral = -m0, CL = 00. 
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F'igure 38,- The variation of damping In roll and yawAng moment due to rolling velocitg with 
angle of attack; R = 1.50 million, wing dlhedral = -loo. 
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(b) M = 0.80 

Figure 18. - Continued. 
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Flgure 18. - Continued. 
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Hgure 19.- Contlnued. 



Figure 19.- Continued. 
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Figure 22.- Eathtea period an8 tjme to damp d the  controls-fhxea, short-perid, longitudinal 
oscillation far a repreeentative airplane in level flight. 
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Figure 24- - The variation with Mach nmiber of the  calculated time 
t o  damp of the  controls-fixed sho r t -pa id  oscillations f o r  a 
representative airplane in level  flight. 
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Figure 25.- Continued. 



de 

a de 



.2A 

. 

Q, de 

-0 .6 A .2 0 -.2 “4 -.6 -.8 -ID -1.2 -1.4 
cir - qi COS a. c;, +c+ sm a, c~,+c{ - sin a, c&-G+ cos a 

v 

B 

(a) M = 0.94 

Ffgure 25. - Concluded. 


